The present study was undertaken to establish the effect of salinity on the toxicity of cadmium (Cd), copper (Cu), lead (Pb) and zinc (Zn) to Ulva pertusa, with inhibition of spore release used as the endpoint. The optimal salinity for maximal spore release for U. pertusa was found to be between 20 and 40 psu. Comparisons between toxicity of metals, as measured by EC 50 , was shown to be in the descending order of Cu¤Cd¤Pb=Zn, which is similar to the toxicity of metals to algae, in general. When salinity was decreased from 30 to 20 psu, the EC 50 values for Cd toxicity to the inhibition of spore release in U. pertusa decreased from 261 to 103 μg•L -1 , whereas increased salinity from 30 to 40 psu increased the EC 50 from 261 to 801 μg•L -1 . Similarly, EC 50 values for Cu toxicity were 52 μg•L -1 at 20 psu, 99 μg•L -1 at 30 psu, and 225 μg•L -1 at 40 psu, and for Zn toxicity were 720 μg•L -1 , 1,074 μg•L -1 and 1,520 μg•L -1 , at 20, 30 and 40 psu, respectively. In contrast, no salinity dependent change in EC 50 values was apparent for Pb, with no significant differences in EC 50 values at under the three different salinity regimes. In general, lower salinity (20 psu) induced a significant decrease in percent spore release of U. pertusa as estimated by a decrease in EC 50 values, while higher salinity (40 psu) reduced the toxicity of metals as shown by an increase EC 50 values. These findings enable one to predict that any additional increase in pollution status would result in a pronounced reduction in the distribution of U. pertusa in brackish and estuarine waters.
Introduction
Development of industrial and agriculture activities associated with increases in the human population has led to environmental contamination by metals, with widespread occurrence of elevated concentrations of metals such as cadmium, copper, chromium, lead, mercury, nickel, zinc polluting aquatic ecosystems. Metals are major constituents of sewage and industrial wastes that, once released, persist in the environment and can accumulate through food chains causing damage to organisms at different trophic levels. Algae are primary producers and constitute the base of aquatic food webs, and any impacts incurring upon them may lead to disturbance of population dynamics and system productivity. The harmful effects of metals on algal metabolism have been extensively documented 1 . In general, exposure to metals is known to inhibit algal growth, photosynthesis and spore production, to suppress cell division, to cause loss of photosynthetic pigments and to damage plasma membranes 1 .
The bioassay is one approach commonly used by environment protection agencies to evaluate the toxicity of contaminants, including metals, to select test species 2 . In recent years, a novel method using the green macroalga Ulva pertusa Kjellman has been developed and used for testing the toxicity of more than 75 different environmental samples that include contaminants such as metals, volatile organic compounds, herbicides, oils, dispersants, slag-waste etc. The Ulva toxicity test has been proposed as a new ISO standard method as it has several distinct advantages over other currently employed techniques [3] [4] [5] [6] . For example, no specialist expertise is required to conduct this test, and it is both cost-and time-effective requiring only a cell plate, a small volume of water and can be conducted within a total time of approximately 3 h following the 96 h incubation period. The sensitivity of the Ulva method is similar to, and in many cases exceeds that of other, commonly available or well established, bioassays, and since reproduction is the means by which population recruitment is facilitated, the ecological significance of the measured endpoint cannot be disputed. In addition, field collected samples of unialgal Ulva plants can be easily maintained and acclimated in holding tanks for 1-2 months, and artificial induction of reproduction can be easily achieved in the laboratory using vegetative thalli, allowing for year-round testing. Two different endpoints can be employed for this test method, which are spore production, measured by an image analyzer or the naked eye, and spore release.
When the relative sensitivities to metals of internationally recognized bioassays were compared, a ranking system based on EC 50 s indicated that the order was: Ulva (spore release)¤Ulva (reproduction)¤sea urchin (larval development)¤Daphnia (mortality)¤microalga (population growth)¤rainbow trout (mortality)¤ aquatic plant (biomass growth) 3 . The sensitivity of different organisms to four individual metals (Cd, Cu, Pb and Zn) varies, but Ulva exhibited the highest overall rank which is significant as in most field situations metals occur in mixtures. Since sensitivity of the test is paramount for effective evaluation of the ecological risks posed by toxicants, our previous results clearly indicated that spore release is an efficient diagnostic tool for detecting metal pollution.
Free metal ions are the principal forms accumulated by aquatic organisms, and any factor leading to an increase in the proportion of free ion concentrations will increase metal toxicity. It is therefore significant that the free metal ion activity in aquatic systems may change with salinity 7 . For example, decreasing salinity may increase free metal ion concentrations, thus metal availability through its influence on metal speciation 8 . The toxicity of several metals has been shown to increase with decreasing salinity [8] [9] [10] . In this sense, it can expected that toxicity responses of an organism established under normal marine conditions (30-35 psu) may differ from those grown in lower or higher salinity conditions. The present study was undertaken to establish the effect of salinity on the toxicity of Cd, Cu, Pb and Zn to U. pertusa which is a marine species, but can often be found growing in brackish water and in tide pools subject to evaporation leading to water of high salinity.
Results and Discussion
Maximal spore release for U. pertusa occurred between 20 and 40 psu ( Figure 1 ), a result consistent with our previous findings for this species 4 . This is a greater range than is typical for many algae 11 , confirming that U. pertusa is a euryhaline species. Salinity may influence spore release by affecting the turgor pressure and diameter of the exit pore of sporangia.
Seawater has a constant salinity of approximately 35 psu but can vary considerably depending on dilution in areas exposed to the introduction of freshwater or on evaporation in tide pools at low tides. Many seaweeds are fragile to large fluctuations in salinity 12 , but Ulva species are reported to withstand and even flourish under such environmental conditions 13 .
The release of spores by U. pertusa in response to different concentrations of Cd, Cu, Pb and Zn under three different salinity regimes is shown in Figure. 2, Table 1 summarizes the EC 50 values derived from the dose-response curves obtained for each of the four metals at different salinities. The toxicity of metals at near normal seawater salinity (30 psu) was in the decreasing rank order: Cu (99 μg•L -1 )¤Cd (261 μg•L -1 ) ¤Pb (1,043 μg•L -1 )= =Zn (1,074 μg•L -1 ) and did not vary at elevated (40 psu) and reduced (20 psu) salinities. The differences in cellular toxicity of the four metals can partly be accounted for by the stability of the binding of metal ions to cellular targets and/or to mobility of the metals 14, 15 . The stability of metal ion-cellular target complexes increases with the magnitude of the covalent and ionic indices. While all the metals tested have a similar ionic index, the covalent index decreases in the order Pb¤Cu¤Cd¤Zn. This order is similar to that of their toxicity as estimated by the EC 50 values, except for lead which was found to be far less toxic than copper and cadmium. Results from studies on water hyacinths, showed that the differential effects of Pb, Cu and Cd on plant growth could be explained by differences in their mobility 14 . The order of increasing mobility of the metals, Cd¤Cu¤Pb, corresponded with the degree of toxicity, although copper becomes more mobile than cadmium at lower levels of exposure 14 . This factor might also help explain the present results where metal toxicity was shown to be in the descending order Cu¤Cd¤Pb=Zn. The toxicity of metals varies between different species of algae, the measured end-point and experimental conditions, but is generally considered be in the order Cu¤Cd¤Pb ¤Zn 1 .
While the relative toxicity of the different metals did not change under different salinity treatments, salinity did influence the toxic effects of three of the four metals tested. Under a reduced salinity regime (30 to 20 psu), a significant decrease in percent spore release of U. pertusa, as estimated by a decrease in EC 50 values, was found for Cu (EC 50 99 μg•L -1 to 52 μg•L -1 ), Cd (261 to 103 μg•L -1 ) and Zn (1,072 to 720 μg•L -1 ) while at a higher salinity toxicity of the metals decreased, with EC 50 values of 225, 801 and 1,520 μg•L -1 , respectively. No such salinity dependent change in toxicity was evident for Pb. The interactive effect of salinity on metal toxicity has been demonstrated in various investigations. In seawater, chloride commonly forms complexes with Cd and Zn, and, to a lesser extent, Cu, but not with Pb, and thus the free ion concentrations of the former metals are reduced at higher salinities, thereby affecting bioavailability, accumulation and hence toxicity 16 . This general statement agrees well with the findings reported here and in other studies on seaweeds, although there are fewer reports assessing toxicity than accumulation. For example, a decrease in salinity from 28 to 10 psu produced a 1.9 and 2-fold higher accumulation of Cd by the green alga U. lactuca and the red alga, Gracilaria blodgetii, respectively 17 and increased salinity reduced the concentration of Zn accumulated by U. rigida 18 . There are, however, some contradictory results too; for example, changes in salinity had no effect on the accumulation of Zn in the brown alga, Fucus vesiculosus 19 and did not influence the inhibitory effects of Cu on the growth of Scenedesmus obliquus and Anabaena variabilis 20 , whereas studies on the inhibitory effects of Cu on growth of the red macroalga, Ceramium tenuicorne, have found both positive and negative effects of reduced salinity that apparently depend on the origin and adaptation of the alga to the surrounding waters 9, 21 . The effects of salinity on Cu toxicity may be more complex than those on Cd and Zn. Reduction in copper toxicity with increasing salinity may be explained either by reduced bioavailability and accumulation of Cu, due to greater formation of Cu-chloride complexes 10 or by competition between Cu and other major cations in seawater for the same binding sites on the surface of algae 22 . The effects of salinity may be a consequence of not only physico-chemical (free ion concentration, activity coefficient or ionic strength) parameters, but also physiological alterations to e.g. membrane permeability and production of chelating agents that are known to vary in their affinity for different metals and which can differ between species 20 . The inter-relationship between physico-chemical and physiology processes requires further study.
In conclusion, the importance of considering environmental factors when establishing critical values for the toxicity of metals in seawater has been demonstrated. The increased toxicity of metals with decreased salinity is of particular concern for U. pertusa, because this species often extends it range into brackish water. These results enable one to predict that U. pertusa is likely to be more susceptible to low levels of pollution in estuaries compared with coastal waters and, therefore, any further increase in metal pollution could result in a pronounced reduction in the distribution of this important species. Consequently, critical toxicity limits established under normal marine conditions may not necessarily be applicable to conditions prevailing in brackish or estuarine waters.
Materials and Methods

Culture Conditions
Disks (ø 6 mm) were cut from the margins of Ulva pertusa thalli and distributed to plastic cell plates containing 10 mL of artificial seawater (35 psu) medium (Coralife, Energy Savers, USA) to which 1 mM KNO 3 and 0.1 mM K 2 HPO 4 had been added. Material was cultured under optimal environmental conditions for spore production (photon irradiance 80-100 μmol photons m -2 s -1 , 12 : 12 h L : D photoperiod, temperature 15� C, salinity 35 psu). To assess the influence of salinity on spore release, disks were exposed to 13 different salinities ranging from 0 to 60 psu with other environmental conditions kept constant. After 96 h, fertile thallus disks were harvested and the extent of spore release was determined by image analysis (MV200, Samsung, Korea) combined with ×400 microscope (Axioscope, Zeiss, Germany). In trials, the area of empty cells was measured using a microscope image analysis system, and percent spore release calculated from the proportion of emptied area of the total sporulated area, as described in a previous paper 4 .
Toxicants
Toxicity of metals was tested under three different salinities (20, 30 and 40 psu). Stock solutions of Cd, Cu, Pb and Zn were used as concentrated standards in de-ionized water acidified with 1 N hydrochloric acid (HCl) or 1 M HNO 3 (Junsei, Tokyo, Japan). The metal concentration range used was 0.05-1.0 mg L -1 for Cd and Cu and 0.125-2.0 mg L -1 for Pb and Zn.
Data Analysis
The results are reported as EC 50 s with 95% confidence intervals estimated by the linear interpolation method (ToxCalc 5.0, Tidepool Science, California). The EC 50 value is the effect concentration at which 50% inhibition of spore release occurs.
